In order to asses a priori the outcome of a laser machining process using either simplistic ad hoc or sophisticated models, knowledge is needed of the energy required to remove a unit mass of material. Since laser-material interactions involve vaporization, decomposition, ejection of fragments, plasma initiation and expansion, etc., extrapolating enthalpy data from JANAF tables will result in significant uncertainty. In this paper, an experimental setup to measure this "heat of removal" is described.
Introduction
Extensive application of lasers in materials processing has led to the development of several theoretical models to predict a priori the interaction between laser and material, e.g., [1{9] . These range from simple one-dimensional models to complex three-dimensional transient models.
Numerical models as well as simplistic ad hoc models are limited in accuracy by the accuracy with which material properties are known. The "heat of removal" as defined here is the laser energy required to remove a unit mass of solid from its substrate by melting/evaporation, by chemical decomposition into gaseous and/or liquid constituents, by micro-explosive removal, etc., depending on the removal mechanism. To our knowledge this quantity has not been measured to date for any material. Presently, the heat of removal has to be estimated by postulating the nature of the removal mechanism, followed by extrapolating enthalpy data from JANAF tables [10] , resulting in significant uncertainty in the calculation of material removal rates.
An apparatus has been constructed to measure the heat of removal. The device consists primarily of two integrating-sphere reflectometers. The specimen is mounted inside the sample sphere and is heated by a CO 2 or Nd:YAG laser, a small part of which is split away from the main beam and sent into the reference integrating sphere, which monitors the laser power with an MCT detector. The laser power reflected by the specimen is recorded using a second MCT detector. Integrating the signals from the reflectometers with time allows determination of the laser energy and the energy reflected by the specimen. The laser energy incident on the specimen is dissipated in several ways, namely through reflection, conduction and material removal.
The heat of removal is obtained by subtracting the reflected and conducted components from the incident laser energy.
Conduction losses were estimated using a numerical model previously developed by Modest and coworkers [5{9], which required the experimental determination of the laser intensity profile, the beam size at the focal plane, and the thermophysical properties of the specimen.
A simple device developed by Ramanathan [11] was used to measure the laser intensity profile and laser beam size. Due to the extreme power density of the laser beam at the focal plane, this device can only be used somewhat removed from it. The laser beam diameter at the focal plane can then be calculated from the diameter of the laser beam at several out-of-focus locations.
While thermophysical property data are available in the literature, the data show an order-of-magnitude scatter in diffusivity and conductivity. This scatter in ceramic properties data is probably due to the fact that the properties are significantly affected by porosity and additives. Therefore, to obtain a reasonable estimate for the conduction losses, thermal diffusivity was measured here in a procedure similar to the laser flash method. Since specific heat is a volumetric property, it does not vary as much with impurities and micro-structure as do the thermal diffusivity and conductivity. The specific heat data used here are the same as those of Wallace [12] which were curve-fitted by Ramanathan and Modest [13] and those of Touloukian and Buyco [14] .
Three different materials were studied in the present investigation: graphite, hot-pressed silicon nitride and sintered -silicon carbide. The graphite employed here is black graphite (McMaster-Carr). The hotpressed silicon nitride contains 6wt% Y 2 O 3 and 2wt% Al 2 O 3 as additives and was purchased from GTE Inc. Sintered -silicon carbide was purchased from Carborundum Inc.. No data are available on the additives used in the manufacture of this material. While differences in additives and porosity may have profound influence on the radiative properties and thermal conductivity of a material, these effects are expected to be minor for specific heat and the heat of removal. Experimental results for the heat of removal are presented and compared with values obtained by extrapolation of enthalpy data from the JANAF tables.
Measurements of Laser Beam Profile and Size
The laser beam out of a laser cavity can have different mode structures. For an industrial laser in the moderate to high power range, TEM 00 and TEM 01 tend to be the dominant modes. Assuming a beam of total power P containing only TEM 00 and TEM 01 modes, the intensity distribution can be expressed as [15] :
(1)
where F g (z) is the maximum intensity of a Gaussian TEM 00 mode laser beam of power P at location z; w g (z) is the characteristic beam radius; and r is the radial position. The parameter a is the fraction of total intensity that propagates with TEM 00 mode. The hyperbolic curve describing the propagation of a laser beam can be expressed as [16] :
where w 0 g is the characteristic radius at the focal plane z = 0 and 1 is the far-field divergence half-angle.
The far-field divergence is related to the characteristic radius of the laser waist as: where is the laser wavelength. Equations (1) through (4) show the characteristic radius at the focal plane w 0 g and the fraction of TEM 00 mode can be deduced by measuring the intensity profile at several z locations.
The simple device used in this study to estimate the spot size and intensity profile of the laser beam, consists of a thermocouple exposed to the laser beam some distance away from the focal plane. It can be readily shown that for a small enough thermocouple the intensity of a laser beam is proportional to the temperature rise of a small thermocouple bead placed in its path [11] , and, thus, the temperature rise of the thermocouple bead follows the distribution of the laser beam intensity at location (r z ), where the thermocouple is placed. The measurements were taken with a K-type thermocouple at 95mm, 125mm and 165mm below the focal plane of a 127mm focal length lens with the laser running at 300W. The output of the thermocouple was sent into a digital thermometer (Omega HH23). The temperature was taken across the laser beam in 0.5mm steps. The temperature rise was normalized by the maximum temperature rise at the center of a pure TEM 00 mode beam, and radius r was normalized by the local characteristic radius w g (z).
The resulting non-dimensional values were curve-fitted to the following intensity distribution
The results for a Coherent Everlase S51 CO 2 laser are shown in Figure 1 , which was employed for diffusivity as well as heat of removal measurements. It was found that the characteristic radius of the laser beam at focal plane is w 0 g = 125 m, and the fraction of TEM 00 mode is 51%. In industry, the radius of a non-Gaussian beam is usually defined as the radius of an aperture through which 86.5% of the total beam power passes. This radius is related to the characteristic radius by a beam quality factor M 2 , i.e., w = Mw g : (6) It can be shown that the beam quality factor M 2 for this CO 2 laser is approximately 2.0 [deduced from the value of a in equation (5)] as opposed to the value of 2.7 given by the manufacturer, and the actual beam radius at the focal plane is approximately 175 m. In a second set of experiments, a Lumonics JK701 Nd:YAG laser was used, whose beam was delivered through an optical fiber. For this laser the beam radius w 0 was determined to be approximately 420 m, with a large, unknown M 2 value.
Measurements of Thermal diffusivity
In order to estimate conduction losses during the heat of removal measurements, the thermal diffusivity of the specimen was determined experimentally, for temperatures between room temperature and approximately 1000 o C; extrapolation using theoretical predictions was used for temperatures up to the removal point.
Since conduction losses during measurements only account for 10 20% of the total energy, an approximate determination of the temperature-dependent diffusivity to, say, 20% was considered adequate. The experimental set-up employed here is similar to a laser flash set-up [17] . The front surface of the specimen was subjected to a laser pulse, and a 0.05mm diameter K-type thermocouple bead was pressed against the back surface to measure the back surface temperature at the center of the laser beam. The signal from the thermocouple was sent to a thermocouple amplifier (Omega OMNI-AMP), and the output voltage of the amplifier was recorded by a digital oscilloscope (Nicolet). The difference between this set-up and a conventional laser flash set-up is that the laser pulse was tuned to a pulse width of 0.5 1 second. As a result, part of the specimen can reach temperatures of about 1000 o C, and the temperature-dependent nature of the thermophysical properties affects the temperature rise at the back surface.
Because the diffusivity is finite, there is a time lag between the beginning of the laser pulse and a significant increase of temperature at the back surface. This results in two distinctive regions in the temperature history at the back surface. The first region has a width of approximately 0.1 second, during which time the temperature rise is relatively slow. The second region corresponds to the time during which the rate of temperature increase is more rapid and relatively uniform over the thickness of the sample. The slope of the temperature history in the second region is governed by the two-dimensional nature of the problem and the non-linearity of the thermophysical properties.
Since the temperature increase in the first region is small, the diffusivity can be treated as constant to deduce the room temperature value. Figures 2 through 4 show the results for graphite, silicon nitride and silicon carbide. The absorptance of materials from previous measurements [18] and measured laser intensity profile were used in deriving the theoretical solutions. It can be seen that the diffusivity uncertainty is well within 20% for graphite and silicon nitride, as indicated by the dashed lines, while diffusivity uncertainty for silicon carbide is within 30%.
Once the room temperature diffusivities are known, the diffusivity values at the removal point as used in our model were adjusted to provide a best fit between our theoretical predictions and the experimental results, where it was assumed that thermal conductivity k and specific heat c p follow trends predicted by quantum mechanics [19] , i.e., 
where c p 1 , , and are constants. The density change with temperature was assumed to be negligible, specific heat data were taken from Wallace [12] and Touloukian and Buyco [14] , and an iterative procedure was used to determine and from our experiments (including the earlier determination of room temperature diffusivity). It was found that this approach can deduce the diffusivity at the removal point to within 20%. The results are not suitable to be shown in one simple figure due to the non-linearity of the material properties.
Measurements of the Heat of Removal Experimental Set-up
The experimental set-up for measurements of the heat of removal is shown in Figure 4 . It consists of two integrating spheres, a laser, two detectors, an oscilloscope and optics. The specimen was mounted at the center of the sample integrating sphere (Labsphere). The inner wall of the sphere and the sample mount are coated with Infra-Gold, which has a reflectance of 95% over the range of 1 20 m. The sample sphere is 15cm in diameter, and has a 1.25cm detector port located at its side. The detector port is well baffled from the sample to ensure that the radiation is isotropically scattered before reaching the detector. The specimen was irradiated by a CO 2 laser (Coherent Everlase S51) with a 127mm focal length lens in a first set of experiments, while a Nd:YAG laser (Lumonics JK701) with a 150mm focal length lens was used in a second set of experiments. The signal was detected by an MCT detector (Graseby Infrared). A laserline bandpass filter was put in front of the detector to block the radiation at other wavelengths, thus allowing the measurement of the reflected radiation in the presence of thermal emission from the heated zone. The laser power was monitored by using a beam splitter to redirect a small part of the incident beam into a reference integrating sphere. The signal of the reference sphere was detected by another MCT detector (Graseby Infrared). The signals from both integrating spheres were digitally recorded on an oscilloscope (Nicolet).
The specimen was then replaced by a standard reference with known reflectance without disturbing the set-up; and the radiation signals from both integrating spheres were recorded. The standard reference used was an Infra-Gold coated sample purchased from Labsphere.
Jacquez and Kuppenheim [20] showed that for an integrating sphere with uniform wall coating the radiation, which passes out of an aperture of the sphere, is proportional to the specimen's reflectance and a configuration coefficient. The configuration coefficient is a function of the port area, the inner surface area of the sphere, and the reflectance of the wall coating. When the port area is small compared with the inner surface area of the sphere, which is an appropriate assumption for most integrating spheres, the configuration coefficient can be regarded as a constant. Furthermore, if the detectors are working at their linear range, it follows that V / P / (9) where V is the signal from the specimen or reference sphere, P is the power of the radiation, is the reflectance of the laser target. The linearity of the set-up was tested by taking signals under different power levels. It was found the signal was indeed proportional to the radiation power.
The relation between the signal obtained from the reference sphere and the laser power was established by replacing the specimen sphere with a power meter (Coherent LM5000). While measuring the laser power, the signal of the reference sphere was also recorded. Since the power meter has a fairly large time constant, it only gives the average laser power, while the reference sphere signal shows the temporal laser intensity. Thus, P = c r V r = c r t
where P is the power meter reading, c r is the configuration coefficient of the reference integrating sphere, and V r is the signal from the reference sphere. After determination of c r the temporal laser power P l may then be deduced from P l = c r V r : (11) When the laser target is a standard reference, the signal from the specimen sphere is given by
where c s is the configuration coefficient of the specimen integrating sphere, and the subscript st refers to "standard reference." Similarly, when the laser target is a specimen, the signal from the specimen sphere is given by V sp = c s sp P l (13) where the subscript sp refers to specimen. Since sp P l is the power reflected by the specimen, combining
Equations (11) through (13), we have
The energy of the incident laser, E l , and the energy reflected by the specimen, E , can be expressed as 
Finally, the heat of removal is calculated from E re = E l ; E ; E cond ; E sens (17) where E cond are the conduction losses during the measurement (heating of material that does not become ablated), and E sens is the sensible energy required to raise the temperature of that material to the removal point, which is subsequently ablated. The mass of ablated material was measured by carefully weighing the specimen before and after each experiment. The weight measurements were done on a Mettler micro-balance. It is well known that ablated material can redeposit on the specimen's surface [21] , which would affect the accuracy of the measurements. To eliminate such possibility, scanning electronic microscope pictures were taken of each specimen. Examination of the surface surrounding the holes drilled by the laser showed no significant redeposition, probably due to the fact that the depth-to-diameter ratios of these holes are relatively small. The volumes of the holes were also estimated by measuring the top and bottom diameter of the holes, and were found to be within 8% of the weight measurements.
Experimental Results
Between 8 and 9 different measurements were carried out for each material, using two different lasers (Coherent Everlase S51 and Lumonics JK701) and using new specimens for each experiment. Both lasers were running in pulsed mode, with the CO 2 laser running at 250Hz and 2ms on-time/pulse, while the Nd:YAG was laser running at 9.5Hz with 2.5ms on-time/pulse. Each CO 2 experiment was performed at different power levels, to ascertain that there were no serious changes with irradiation levels. However, temporal power densities of the Nd:YAG experiments were roughly identical to the lower CO 2 power levels(' 2 10 6 W/cm 2 for 480 W), so that overall variation in laser power densities was only about 50%. The conduction losses were estimated separately for each experiment [8] . The energy required to bring a unit mass of the material from room temperature to removal temperature was estimated by integrating the specific heat vs. temperature. The values to heat graphite, silicon nitride and silicon carbide were found as 8.34 kJ/g, 2.56 kJ/g and 3.61 kJ/g, respectively, which was used to deduce E sens . Results for each material are given in Tables 1 through 3 . Note that results for CO 2 and Nd:YAG laser irradiation are virtually identical, showing that the heat of removal is independent of wavelength and that uncertainty due to variable absorptance (temperature and wavelength dependence) is negligible. However, both lasers employed here have fairly similar pulse duration and powers. It is quite likely that laser irradiation with much higher powers/shorter pulses would result in slightly higher removal temperature and slightly different heat of removal. While the tables show less than 7% of uncertainty, the overall uncertainty is somewhat larger due to systematic errors inherent to the present experimental scheme. As mentioned earlier, our diffusivity estimation can predict the thermal diffusivity of the materials at room temperature to within 30%, and predict that at the removal temperature to within 20%. Calculations with our numerical model show that for our heat of removal measurements, the uncertainty of the thermal diffusivity of the materials can cause up to 10% systematic error in the estimated conduction loss.
Similarly, the estimation of E sens from specific heat data and assumed removal temperature will also result in a systematic error in the the heat of removal. Including these errors, we estimate the overall uncertainty for the heat of removal values to be within 10%.
According to the JANAF tables, graphite is expected to decompose into almost pure C 3 at an ablation temperature of approximately 4000K [10] . Based on this, Modest et al. [27] have estimated the heat of removal for graphite to be approximately 20 kJ/g. The experimental results show that the heat of removal of graphite is considerably larger than 20 kJ/g, suggesting that the decomposition products consist to a large part of gaseous C 2 and possibly some C 1 and C 3 .
The decomposition reaction of crystalline silicon nitride is well known to be [22] Si 3 N 4 (s) ! 3Si(l) + 2N 2 (g): (18) Based on a decomposition temperature of approximately 2151K [23] , Roy and Modest [6] have calculated the heat of removal for silicon nitride, using the absolute enthalpies values from the JANAF tables, as 6.2 kJ/g. The maximum possible heat of removal for silicon nitride, according to the JANAF tables, is 14.2 kJ/g, i.e., if silicon is leaving as a gas rather than a liquid. The experimental result is somewhat below this maximum, suggesting that a substantial amount of liquid silicon is evaporated before leaving the ablation zone.
While silicon carbide is known to decompose into a number of gaseous products upon heating, various investigations have led to conflicting results [24{26]. Ramanathan [11] estimated the heat of removal for silicon carbide from the JANAF tables as 12.1 kJ/g, by postulating the nature of the decomposition mechanism. His results agree well with our experimental results.
Conclusions
The energy requirements to remove a unit mass of material by a CO 2 or Nd:YAG laser ("heat of removal") during laser materials processing has been measured for several important industrial ceramics. The experimental apparatus incorporates two integrating spheres, and measures the temporal power and power reflected by the specimen simultaneously. A numerical model was used to estimate conduction losses. The experimental results have been presented with an overall uncertainty of approximately 10%. It was found that the heat of removal is insensitive to the laser wavelength, as well as to laser power (at least over the peak power levels between 2.0 10 6 W/cm 2 and 3.0 10 6 W/cm 2 at the beam center, as were used in the present experiments). Comparison with "most likely" values calculated from the JANAF tables showed that such values can be seriously in error.
